Optical spectroscopy, X-ray diffraction measurements, density functional theory (DFT) and density functional theory + embedded dynamical mean field theory (DFT+eDMFT) have been used to characterize structural and electronic properties of hexagonal M 2 Mo 3 O 8 (M = Fe, Mn) polar magnets. Our experimental data are consistent with the room temperature structure belonging to the space group P6 3 mc for both compounds. The experimental structural and electronic properties are well reproduced within DFT+eDMFT method, thus establishing its predictive power in the paramagnetic phase. With decreasing temperature, both compounds undergo a magnetic phase transition and we argue that this transition is concurrent with a structural phase transition (symmetry change from P6 3 mc) in the Fe compound and an isostructural transition (no symmetry change from P6 3 mc) in the Mn compound. 
I. INTRODUCTION
Materials with coupled magnetic and electric degrees of freedom have attracted significant attention due to their importance in designing of novel electronic devices, such as magnetoelectric (ME) tunneling junctions, weak magnetic field sensors, microwave phase shifters, low-energy consuming electronics and many other applications [1, 2, 3, 4] . For ME effect to be observed, the time reversal and space inversion symmetries should be broken. This is always fulfilled in multiferroics, i.e. materials with simultaneous magnetic and electric orders, which stimulated a growing interest to their properties. Many multiferroics are multi-domain compounds, which weakens the total ME effect averaged among all domains. Special poling procedures are required to achieve their full ME potential. In contrast, polar magnets, i.e. materials which crystallize in a polar structure and possess magnetic order, can often be grown as mono-domain, which is beneficial for ME applications. In this paper we study the representative compounds of the M2Mo3O8 polar magnet family, where M is a transition metal [5, 6] . ME properties of the system can be described with a ME tensor, the symmetry of which is determined by crystallographic and magnetic symmetries. Recently, a large tunable ME effect was reported for the family of M 2 Mo 3 O 8 (M=Fe, Mn) polar magnets in both static [7, 8, 9] and dynamic regimes [10, 11, 12] . We have found that at room temperature the crystal structure of the M 2 Mo 3 O 8 belongs to a polar P6 3 was shown that the ferromagnetic intra-layer moment can be revealed in the Fe-compound either by application of a magnetic field H||c or by Zn doping, thus enabling switching between AFM and FRM order types, which has a substantial implication to the large magnetic-field-tunable ME effect reported in the Fecompound [7, 8, 14] .
Combined studies of specific heat, pyroelectric current and dielectric susceptibility suggested that ordering of M spins is concurrent with structural changes in both Fe-and Mn-compounds, see Fig. 1 (d) and Refs [7, 9] . Also, it has been shown that the changes in polarization, ΔP(T), are similar in both Mn-and Fecompounds [9] which implies that the atomic displacements are of the same order of magnitude. The changes in polarization for the Fe-compound could be reproduced using a simple model based on the difference between the atomic coordinates in the ordered state (obtained by DFT+U) and in the paramagnetic state (determined by experiment). Although these calculations could reproduce the order of magnitude for ΔP(T), and suggest that the origin of these structural changes are the exchange striction effects, no information about the low temperature symmetry of these materials was obtained [7] .
In this paper we are trying to unravel the nature of these atomic displacements occurring through the magnetic transition and learn if they are consistent with the breaking the high temperature symmetry (structural phase transition) or with preserving it (isostructural phase transition).
To answer these questions, we revised the room temperature crystal structures using single crystal X-ray diffraction, performed infrared (IR) and Raman studies of phonon modes in the temperature range 300 -5 K, and investigated the electronic properties, such as the band gap magnitude and the crystal field levels in M2Mo3O8 (M=Fe, Mn) compounds. The reason we chose spectroscopic techniques to probe the symmetry changes across the magnetic transitions is because the number of spectroscopically accessible lattice excitations is determined by the crystal's symmetry, and thus it is very sensitive to phase transitions upon which the symmetry changes. To the best of our knowledge, only unpolarized IR transmission and Raman measurements on polycrystalline samples have been reported in literature so far [15] .
The main results presented in this paper are (I) the experimental data for the phonon spectra and their polarization analysis measured between 5 K and 300 K, Based on our experimental and theoretical approaches to understand these materials we will show that (I) the magnetic transition is concurrent with a structural phase transition in the Fe-compound and an isostructural phase transition in the Mn-compound; (II) there is an overall good agreement between the DFT calculated and room temperature experimental infrared and Raman phonon modes apart from some low frequency modes in the Fe-compound, (III) the electronic and structural properties at finite temperature (in the paramagnetic state) reproduced by DMFT are in very good agreement with the experiment, thus confirming the predictive powers of the DMFT method at finite temperature and (IV) the unusual d-d electronic transitions in the Fe compound signal some kind of electronic phase transition in the paramagnetic state.
II. SAMPLES, EXPERIMENTAL TECHNIQUES, AND CALCULATIONS
M2Mo3O8 crystals were grown using a chemical vapor transport method at the Rutgers Center for Emergent Materials [7] . Single crystals with naturally terminated faces had a typical size of 0.5×0.5×0.5 mm . For both FIR reflectivity and Raman measurements, samples were placed in a LHe-flow optical cryostat, which allowed to perform measurements at temperatures down to 5 K. Ellipsometric measurements were performed at room temperature only in the near-IR to ultraviolet (UV) spectral range at 65º angle of incidence using J.A. Woollam M-2000 spectroscopic ellipsometer at the Center for Functional Nanomaterials at Brookhaven National Lab (CFN-BNL).
Single crystal diffraction data were collected on an Rigaku Oxford Diffraction SuperNova Diffractometer equipped with an Atlas CCD-detector and Cu Kα radiation at T = 300 K. Data collection, cell refinement, and data reduction were carried out using CrysAlisPro [16] . The JANA2006 software [17] was used for structure refinement. The absorption correction was done analytically using a multifaceted crystal model [18] . Extinction corrections were performed using an isotropic Becker & Coppens, Type 1, Gaussian [19] .
Figures of structures were generated using VESTA [20] . Figures were prepared in Inkscape [21] .
Lattice dynamics properties of Fe2Mo3O8 and Mn 2 Mo 3 O 8 crystals were calculated within the Density Functional Theory using the ab initio norm conserving pseudopotential method as implemented in the CASTEP package [22] . Equilibrium atomic structures were obtained from the total-energy minimization method within DFT. Electron exchange and correlation interactions have been modeled within the local density approximation [22, 23] . Plane wave basis set cut-off was 750 eV that allowed energy convergence within 10 -7 eV. The lattice was optimized until residual forces on atoms in their equilibrium positions did not exceed 5 meV/Å. Lattice dynamic properties of both compounds were further assessed via finite displacement method on a 2×2×1 supercell [24] . Integration over the Brillouin zone was performed over the 5×5×2 Monkhorst-Pack grid in reciprocal space [25] . For both materials no imaginary modes were predicted by the theory.
For calculating electronic properties and optimizations of internal coordinates, we used both (I) the density functional theory as implemented in Wien2k package [26] and (II) a fully charge-self-consistent dynamical mean-field theory method, as implemented in Rutgers DFT+eDMFT code [27, 28, 29] . Throughout this paper we will refer to DFT+eDMFT as eDMFT. For the DFT part, we used the generalized gradient approximation Perdew-Burke-Ernzerhof (GGA-PBE) functional [30] , RKmax = 7.0, and 312 k-points in the irreducible part of the 1 st Brillouin zone. For optimizations of internal coordinates [31, 32] , a force criterion of 10−4 Ry/Bohr was adopted. In order to solve the auxiliary quantum impurity problem, a continuous-time quantum Monte Carlo method in the hybridization-expansion limit (CT-HYB) was used [33] , where the 5 d-orbitals for the Mn and Fe ions (grouped according to the local point group symmetry) were chosen as our correlated subspaces in a single-site DMFT approximation. For the CT-HYB calculations, up to 400 million of Monte Carlo steps were employed for each Monte Carlo run. In all runs the temperature was set to be 500 K.
To define the eDMFT projector, we used the quasi-electronic orbitals by projecting bands in the large hybridization window (-10 to +10 eV with respect to the Fermi level), in which partially screened Coulomb interaction has values of U = 10 eV and JH = 1 eV in both Mn and Fe ions. A nominal double counting scheme was used [34] , with the d-orbital occupations for double counting corrections for Mn and Fe chosen to be 5 and 6, respectively. a zero-temperature method, the eDMFT is a finite-temperature method, thus eDMFT calculations were performed in the wide temperature range and the reported results in this paper correspond to the high temperature paramagnetic state (T theory = 500 K). In Table I , we give the relaxed internal parameters obtained experimentally and theoretically using the DFT (T = 0) and eDMFT (T = 500 K).
III. EXPERMENTAL AND THEORETICAL RESULTS

A. High Temperature Structural Properties
From the results presented in Table I , we see that the agreement between the experimental fractional coordinates and those obtained from the eDMFT theoretical relaxations is much better than agreement between the experimental fractional coordinates and those obtained from the DFT theoretical relaxations.
eDMFT method gives smaller deviations (beyond the third digit with respect to the experiment) while the DFT method gives larger deviations (beyond the second digit with respect to the experiment).
Converting these discrepancies of internal structural parameters, to displacements in Å along the three crystallographic directions, we find a maximum discrepancy for eDMFT (DFT) to be |0.06| (|0.27|) for To better understand how these discrepancies between experimental and theoretical values of the fractional coordinates affects the properties of the local polyhedron formed between the central transition ion and the coordinating atoms (ligands), we have also computed a few quantities which are usually used to described geometrically the coordination polyhedron. These quantities are the average bond length l av (Å), polyhedral volume V(Å If we also compute the total density of states for the relaxed crystal structures within the DFT and DMFT methods and compare it to the density of states obtained using the experimental structure, we see that within DFT method the electronic structure is different but for eDMFT methods we get very similar total density of states for both compounds.
The details of the electronic structure obtained by eDMFT will be published elsewhere.
C. LT vs HT structural properties: Infrared phonon spectra Figure 5 shows reflectivity spectra dominated by the phonon modes for Fe 2 compounds measured for two polarizations of incident light, e||c and e⊥c, at 85 and 5 K, i.e. above and below magnetic ordering temperatures in these compounds. To extract parameters of the phonon modes, reflectivity spectra were fitted using parametrization of the dielectric function with Drude-Lorentz oscillators [40] and the Kramers-Kronig transformation as implemented in the RefFit code [41] . In this framework, the dielectric function is parameterized as follows:
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, , (9) being polarized along the c-axis and 9 (13) -in the ab plane (see Table II and spectra in ions. Fig. 9 also manifest a broad spectral feature at 3250 cm -1 which is observed in the spectra of all studied compounds. In particular, it is clearly seen in spectra of 
D. LT vs HT structural properties: Raman scattering experiments
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IV. DISCUSSION
A1. Room temperature properties
Room temperature single crystal X-ray diffraction together with the phonon measurements provide important structural information for the complex crystal structure of M 2 Mo 3 O 8 (M=Fe, Mn), information that can be used to test the predictive power, of numerical methods based on first principle. Recently it has been shown that DMFT methods can capture the electronic properties of RNiO 3 [45] , at the same time giving good theoretical fractional atomic coordinates based on structural relaxations for the crystal structures in the paramagnetic metallic state, as well as in the insulating low temperature ordered state. To further test the predictive power of the DMFT method we apply it to these materials by computing and comparing the electronic properties for the experimental and relaxed fractional atomic coordinates at high temperature, i.e. in the paramagnetic state. In this respect, we have performed careful single crystal measurements which showed that at high temperature, the crystal structure of these materials can be explained within the P6 3 mc space group, results that agree with the results reported previously in the literature [5, 6, 7] . The agreement between the experimental and theoretical calculations for the DMFT method will be discussed in the next section.
Using the P6 3 mc space group, we have carried out the group theoretical analysis as showed in Table IV Table I , we see that while for the Mn compound the frequency assignment seems to be good across the whole spectral range, for the Fe compound the calculated low energy phonon frequencies are shifted to higher energies compared to the experimental data. The reason for this discrepancy can be the fact that the ground state electronic structure is not properly accounted within non-spin polarized DFT.
Since eDMFT correctly describes the insulating ground state and reproduces well the experimental structural properties it would be interesting to compute the phonon modes at the eDMFT level.
A2. Electronic and structural predictions at high temperature
Insulating materials with simultaneous magnetic and electric order, called multiferroic materials, usually belong to the class of correlated materials. Modeling the magnetic and electric properties of multiferroic materials is still a challenging problem. For example, the first step in modeling the electric polarization in these materials requires knowledge of two experimental or two theoretical crystal structures, the first one is the high temperature reference crystal structure where usually polarization is zero and the material is found in the paramagnetic state and second one is the low temperature crystal structure of the multiferroic phase where usually the atomic displacements with respect to the reference state (that give rise to finite polarization changes) are induced by long-range magnetic order. The chances of finding theoretically the two crystal structures, especially the high temperature reference structure, has improved due to the recent development of forces for correlated materials in eDMFT [43] . While the low temperature crystal structures can be obtained by spin polarized DFT, in many cases non-spin polarized DFT fails to give acceptable results for the high temperature reference structure, see for example Table I and Fig. 3 . When that happens one can find an artificial spin-polarized state which could sometimes give good agreement with the experimental crystal structure even though in this case the electronic properties of the experimental paramagnetic state are misrepresented by the artificial spin-polarized state in DFT [44] . The materials studied here are pyroelectric materials, which means that the structure has already built in an electric moment due to the crystal structure and any structural changes induced by temperature, pressure, magnetic order can induce changes in the electric polarization. Thus, trying to obtain the high temperature reference crystal structure in pyroelectric materials by using an artificial spin-polarized state in DFT poses a problem since any type of magnetic order has exchange striction, where by exchange striction we mean movements of the ligand ions in order to maximize the magnetic energy gain. For example, for Fe 2 Mo 3 O 8 , it has been shown in Ref. [7] that the distortion pattern obtained depends on the type of the spin-polarized DFT. Thus, it is difficult to obtain accurate fractional atomic coordinates using DFT for the pyroelectric materials.
Here we performed structural relaxations of the fractional atomic coordinates for fixed lattice parameters using DFT and DMFT at high temperatures. As discussed in the Section III and shown in Table I Previously published successful results of structural relaxation in a paramagnetic metallic state, in an insulating ordered state [45] , together with current structural relaxations in the paramagnetic insulating state, strengthen further the predictive power of the DMFT method for the electronic and structural properties at all temperatures in correlated materials.
B. Low temperature symmetries
As we discussed previously, our measured phonons at room temperature agree well with the group theory based on the P6 3 mc space group which was found by single crystal X-ray diffraction. As far as we know, there are no reports about the symmetry at low temperature. From the measurements of the electrical polarization, see Fig. 1(d) , we observed that concomitant with the magnetic ordering there is an increase in the electrical polarization. This increase in the electrical polarization suggest that in both compounds we have structural changes at the magnetic transition. Since these materials are pyroelectric, which means that the change in electrical polarization can happen without breaking the symmetry it is not clear if the structural changes at the magnetic transition are due to (I) an isostructural phase transition (no change of symmetry away from P6 3 mc) or (II) a true structural phase transition (where the symmetry is lower than P6 3 mc). In order to shed light on this matter we have measured low temperature phonon spectra and compared them with the high temperature data. In Section III.B we argued that the broad feature which is observed in Figs. 9(a) and 9(c) at ~3000 cm ions. Since FeO 6 octahedra and FeO 4 tetrahedra are connected through a common oxygen ion, distortions of the tetrahedra will affect the crystal field at the octahedral sites. We may argue that observation of a broad feature at ~3000 cm -1 is related to some phase which is competing with another phase and switching between the two can be triggered by distortions introduced by either defects or Zn doping. Gigantic value of energy shift (~400 cm =10|Dq|, where Dq is a constant factor which represents the cubic field strength (see Fig. 13 ). 1  204  204  240  161  161  159  159  140  140  141  2  261  262  252  252  296  188  188  187  186  184  183  214  3  371  370  369  369  344  366   221  221  219  219  210  214  214  230 TABLE III between the experiment and theory; (c) and (d) show the total density of states obtained by using the DFT method for the experimental structures (black) and for those obtained by using structural relaxations of internal parameters in DFT (green); (e) and (f) show the total density of states obtained by using the DFMT method for the experimental structures (black) and for those obtained by using structural relaxations of internal parameters in DMFT (red); (h) and (i) spectral functions; (g) and (j) repetition of (e) and (f). 
